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ABSTRACT
An Analog for Large-Scale Lacustrine Deposits: 3D Characterization
of a Pleistocene Lake Bonneville Spit
Eli D. Lopez
Department of Geological Sciences, BYU
Master of Science
Ultra-high-resolution subsurface stratigraphy mapped from 3D ground-penetrating radar
(GPR) can provide insights into the fine-scale heterogeneity of reservoirs and other geologic
features. Analog models derived from 3D GPR aid in understanding reservoir
compartmentalization that may be sub-seismic but still affect fluid flow. We integrate 2D
profiles and 3D GPR volumes with measured stratigraphic sections from outcrop exposure to
characterize the fine-scale stratigraphy of an ancient Lake Bonneville shoreline deposit (locally,
circa 20 ka based on carbon-14 dating) in the Great Basin (northwestern Utah). The
heterogeneity of the deposit is expressed as multiple discordant patterns, separated by
unconformities that likely were influenced by fluctuating lake levels on the lake margin.
Although the study site is only ~8,000 square meters in area, the detailed stratigraphic
relationships can be scaled up to inform the characterization of larger sedimentary deposits with
economic reservoir potential. The sands, gravels, and marls composing the stratigraphy were
deposited during the transgressive phase of the pluvial lake, which preserved shoreline features
such as spits and barrier bars. We interpret our site as a spit that extended out into the Pleistocene
lake, at times connecting to a nearby persistently subaerially exposed island to form a tombolo.
The deposited strata are well-exposed in a fortuitously located gravel quarry. The site provides
an excellent natural laboratory for detailed 3D imaging due to the mostly flat ground surface (the
quarry floor), low-clay, low-salinity, and low-moisture content of the site. The GPR data were
acquired with a 200-MHz antenna (for 2D profiles) and a 400-MHz antenna (for 3D volumes).
For the latter, the line spacing was about 0.3 meters with a trace spacing of 2.5 cm. The GPR
dataset offers high-resolution images of clinoform sequence stratigraphy down to about 3 meters
below the surface of the quarry. The vertical resolution (Rayleigh criterion) of the data is about 6
cm (for 3D volumes) and 13 cm (for 2D profiles). Migration collapsed diffractions and repositioned dipping reflectors correctly. Deconvolution suppressed multiple reflections and
tightened the waveforms. Using petroleum industry mapping software, amplitudes were binned
into voxels to create precise 3D volumes, which facilitated more accurate geometrical
interpretation (e.g., true dip direction of reflectors). Facies associations from stratigraphic
sections measured just above the GPR acquisition level (quarry floor) help to describe and
reconstruct the depositional history of the spit. The lithologic interpretation of the GPR reflectors
is constrained by the correlation (or extrapolation) of the measured sections to the subsurface
data volumes. Reflectivity is controlled by variations in porosity and matrix content (e.g., quartz
vs. clays vs. calcite). Our study furnishes a model of transgressive deposits in a lacustrine
environment and an analog for clastic sediments deposited on a larger scale in such
environments.
Keywords: Lake Bonneville, Grouse Creek, Ground Penetrating Radar, measured section, spit,
tombolo, lacustrine sediments, reservoir characterization
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INTRODUCTION
Lake Bonneville has been studied extensively by geologists over the last 150 years
(Gilbert, 1890). The lake formed in the Late Pleistocene era about 30,000 years ago (Oviatt,
2015). At the lake’s maximum level of 1552 m at 18,000 years ago, the lake covered northwest
Utah, southern Idaho and eastern Nevada (Figure 1) (Oviatt, 2015). Today, the Great Salt Lake
and Utah Lake are remnants of Lake Bonneville. Shoreline features were formed from lake level
fluctuating over the course of the lake’s history (Gilbert, 1890). These features provide windows
into the lake’s climate and environment (Gilbert, 1890a; Jewell, 2007). Investigations of these
deposits are based on outcrops and artificial exposures (quarries, roadcuts, trenches).
Geophysical imaging using two-dimensional (2D) seismic and ground-penetrating radar (GPR)
methods have complemented surface-based observations (Lemons and Chan, 1999; Kruse and
Jol, 2003; Smith et al., 2003; South et al., 2016; Schide et al., 2018). Smith et al. (2019) recently
reported results of the first three-dimensional (3D) study of Lake Bonneville deposits.
Lake Bonneville left behind three primary shorelines, the Stansbury, Bonneville, and the
Provo shoreline (Figures 1 and 3). The latter two reached the far northwestern corner of Utah
near Lucin, Utah in Box Elder County, in the vicinity of the study area (Figure 1). The general
geology surrounding the study area is composed of Miocene volcanic rocks, Bonneville age
aeolian silt, sand, deep-water mud, and alluvium from streams (Figure 4). Numerous fluctuations
in the Lake Bonneville water level deposited clastic sediment ranging in grain size from shallowwater gravel to deep-water mud (Miller et al.; 2012; Oviatt, 1991). These fluctuations may be
interpreted from the deposits associated with the shorelines left behind from long-standing
periods of the lake. Evidence of lake fluctuations is preserved as shoreline deposits that rim
mountain ranges, some of which may have been islands during the high stand of the lake. One
such area with preserved Bonneville strata of this character is just north of Utahlite Hill off State
1

Highway 30 in northwest Utah, west of Grouse Creek (Figure 2). The specific area of interest is
a gravel pit used for the extraction and storing of gravel and asphalt by the state of Utah (Figure
2). This well-exposed gravel quarry furnishes an excellent laboratory for GPR for subsurface
imaging in the context of adjacent Bonneville exposures at the northern tip of Utahlite Hill.
The purpose of this study is to take advantage of the almost perfectly flat quarry floor as
ideal location for 3D GPR data acquisition for characterizing lacustrine sediments as an analog
for large-scale petroleum reservoirs. In addition, we use measured sections from the sides of the
quarry to calibrate interpretations for the subsurface. The integration of detailed 3D geophysical
imaging and geological data improves our interpretation and ability to match surface and
subsurface data. We have capitalized on the detailed 3D images of the subsurface from this
shoreline deposit. Our results provide a high-resolution analog for large-scale lacustrine deposits
that are targets for resource exploration where ultra-high resolution stratigraphic packages are
unavailable to study. In addition to GPR, we use measured stratigraphic sections to calibrate
interpretations for the subsurface.

2

a

b

Figure 1. (a) Map of Lake Bonneville and the three prominent shorelines: Stansbury (light blue), Bonneville (dark blue), and
Provo (royal blue). The Grouse Creek study site is outlined by the red box in the northwestern corner of the lake. (b) Location
map with the continental U.S. with the state of Utah highlighted in yellow and Lake Bonneville within the black box.
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Figure 2. Location of the study site, east of Grouse Creek and north of Utahlite Hill (red box). The deposit exposed in the gravel
pit is below the Provo shoreline but has been radio-carbon-dated before the Bonneville episode.

GEOLOGIC SETTING
Lake Bonneville
Lake Bonneville was a Pleistocene pluvial lake that once filled part of the of the Great
Basin in the western United States (Jewell, 2007). The lake covered most of northern Utah and
extended into southern Idaho and eastern Nevada (Figure 1). The lake formed in a closed basin
beginning about 32,000 cal ka until 15,000 cal ka and was significantly sourced by runoff from
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local streams from the mountains, groundwater, and the Bear River (Figure 1). Climate
conditions, which included increased precipitation from deglaciation of the Late Glacial
Maximum and increased input from the Bear River allowed for the filling of the lake up to a
maximum elevation of about 1560 m during the late Pleistocene epoch (Gilbert, 1890b , Munroe
et al., 2006; Benson et al., 2011; Laabs and Munroe, 2016, Nelson and Ray, 2018) .
The history of Lake Bonneville can be divided into three phases: the transgressive, the
overflow, and the regressive phase (Figure 3) (Gilbert, 1980). During the transgressive phase, the
lake underwent several oscillations in lake level, from 25,000 – 18,000 cal ka (Figure 3) (Oviatt
and Miller, 1997). As a result, a primary level was created, the Stansbury Shoreline, dated at 25
cal ka. This was followed by the Bonneville level at 18 cal ka (Oviatt, 2015) (Figure 3). The
overflow phase was caused by the failure of the alluvial fan that served as the natural dam for the
lake near Red Rock Pass, Idaho (Figure 1) (Oviatt, 2015). The lake drained into the Snake River
Plain in southern Idaho, dropping the level about 100 m in less than a year, creating the Provo
shoreline (Figure 3) (Oviatt, 2020). The lake level rose back up at about 3,000 cal ka. Increase in
evaporation caused the lake to drop to levels similar to the modern Great Salt Lake (Figure 3)
(Nelson and Rey, 2018; Oviatt, 2015).

5

Figure 3. Lake Bonneville hydrograph shows the three phases (T = Transgressive, O = Overflow, and R = Regressive). The initial
rise of the lake is referred to as the transgressive phase followed by the breaking of the alluvial dam and the Bonneville Flood
during the overflow phase, ending with the regressive phase. (Oviatt, 2015). GSL is Great Salt Lake.

Shoreline deposits such as spits were deposited during the transgressive period with
sediment supplied by alluvium and weathered bedrock elevated above the lake (Oviatt and
Miller, 1997). These were areas with scarce river input and formed from longshore drift,
resulting in wave-dominated deposits (Milligan and McDonald, 2017). The orientation of these
deposits can provide information on the direction of wind-driven longshore drift (Schofield et al.,
2004).
Grouse Creek Study Area
During the Miocene, rhyolite and dacite lava flows and domes, dated 14 to 8 Ma, covered
the Grouse Creek area (Figure 4) (Miller and Oviatt, 1994). Quaternary sediments were
deposited during the transgression and regression of Lake Bonneville. At shallow water lake
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level, coarse sediment such as gravel was commonly deposited along the shore with the sediment
supplied by nearby bedrock islands and eroding alluvial fans (Miller et al., 2021).
Streams left behind sediment as the lake level fell from the Stansbury oscillation (Figure
3). Streams entrenched the previous deposits containing gravel and sand with the finer sediments
winnowed away. Well-sorted and well rounded gravel remained on the exposed shoreface. Rapid
transgression of the lake began after the Stansbury phase when marl and sand began to be
deposited. The sand input is most likely due to the depositional area being close to shoreline
(Miller and Oviatt, 1994). As lake levels rose during transgression, deep-water marl was
deposited along with intervals of sand (Oviatt, 2015). The sands are from fluctuations of the lake
allowing sand grains to mix with the marl (Miller et al., 2012). After the Bonneville flood, lake
levels dramatically dropped (Figure 3). The drop in lake level allowed for higher wave energy to
transport and rework coarse sediment including gravel basin ward (Figure 4). As the shoreline
receded, gravel was deposited on top of the deep water sediment at a rapid rate (Oviatt, 1991).

7

Gravel Pit

Figure 4. Simplified geologic map of the area surrounding the study site. The gravel pit is located within the red box.

METHODS
Measured Stratigraphic Sections
Four stratigraphic sections were measured, three on the east side and one on the south
side of the gravel pit: East Measured Section 1 (EMS 1), East Measured Section 2 (EMS 2), East
Measured Section 3 (EMS 3), and South Measured Section 1 (SMS) (Figure 5). All were
described at a centimeter scale noting gravel size, shape, sorting, and cementation. Units were
defined in each section based on the proportion and character of incorporated gravels.
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Figure 5. Google Earth image of the gravel pit showing location of the four measured sections (red dots), the pseudo-3D surveys
Survey 1 (S1), Survey 2 (S2), and Survey 3 (S3) using a 400-MHz frequency antenna are outlined (black dashed boxes), and 2D
profiles collected with a 200 MHz frequency antenna (blue lines). The GPR profiles and surveys were acquired over the pit floor,
along the highway, and on top of and west of the pit.

Ground Penetrating Radar
Ground Penetrating Radar (GPR) offers a high-resolution view of the subsurface with
depths ranging from centimeters up to 100s of meters depending on the signal frequency and the
velocity of electromagnetic (EM) energy transmitting through the medium. For sediment
deposited in lacustrine environments, the maximum depth of signal penetration can typically be 7
m (Smith and Jol, 1995; Smith et al., 2003, 2019). The dielectric constant for the subsurface
study was based on a velocity of 0.11 m/ns, which corresponds to a dielectric constant of 7.9 for
sand with calcite (Martinez and Byrnes, 2001).
9

Using a GSSI (Geophysical Survey System Inc.) bistatic antenna with a center frequency
of 400 MHz, three three-dimensional (3D) surveys were designed to cover the pit floor (Figure ),
which provide high stratigraphic detail. Two-dimensional (2D) profiles were also collected using
a GSSI 200-MHz bistatic antenna (Figure 5). We experimented acquiring profiles in various
orientations to select a direction close to that of stratal dip.
The GPR data were processed for background (direct arrival and ringdown) removal,
gain restoration, 2D Kirchoff migration, and customized exponential gain. A velocity of 0.11
m/ns was used for migration. The 3D volume files were then converted to SEGY format and
imported into Halliburton’s GeoProbe® seismic interpretation software for 3D interpretation and
mapping. The 200-MHz profiles acquired on the pit floor were imported into IHS Markit’s
Kingdom software in order to create a fence diagram, which guided integration of the 2D 200MHz profiles and 3D 400-MHz volumes.
3D GPR Surveys
Survey 1
The first survey covered a 30 x 61 m rectangle, with the long dimension oriented
northwest (Figure 5) using a 400-MHz bistatic antenna. The area was surveyed with 200 parallel
profiles collected from northeast to southwest spaced 0.3 m. Amplitudes were extrapolated
between adjacent profiles in order to render a 3D volume. The profiles were collected in
continuous mode with 1024 samples/trace over 70 nanoseconds (14.6 samples/ns), with
approximately 40 scans/meter. These parameters are the same for the other two surveys.
Survey 2
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The second 3D survey was collected just southeast of the first (Figure 5). The dimensions
were 9 x 34 m and oriented northeast to southwest. The direction of the 31 profiles was chosen to
be close to the subsurface stratal dip direction.
Survey 3
The third 3D survey was collected in the northeast portion of the pit, just east of survey 1
(Figure 5). The survey was 13 x 22 m and oriented northwest to southeast and included 73
profiles.
2D Profiles
We used a 200-MHz antenna to collect 34 profiles on the pit floor to image deeper into
the subsurface (Figure 5). The first 16 profiles were collected from the southeast to northwest
side of the pit. The remaining 15 profiles were collected southwest to northeast, perpendicular to
the previous profiles. Each profile ranged from 7 to 87 m long and had 1024 samples/trace over
120 ns (8.5 sample/ns) with approximately 19 scans/m. Some of the profiles were interrupted by
gravel mounds.
A long profile was collected with a 200-MHz antenna, perpendicular to the long axis of
the spit along paved Utah State Highway 30 (Figure 5). The profile began on the west side of the
spit and ended on the east side of the gravel pit with a total distance of 371 m.
A second profile trending from the north and turning to the southeast was collected on
top of the pit wall. The profile was 108-m long was also collected using a 200-MHz antenna on
(Figure 5). The profile had 1024 samples/trace over 120 ns (8.5 samples/ns) with approximately
19 traces/m. Due to the elevation change of the profiles from along the highway and on top of
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the pit (Figure 5), a topographic correction was used. Using the distance measured by the survey
odometer, traces were adjusted for topography.
RESULTS
Measured-Sections
Seven lithofacies were interpreted from four measured sections. Our interpretations are
guided by previous depositional models for gravels in lacustrine environments (Oviatt and
Miller, 1997; Peng et al., 2020). Facies determination was based on the majority of gravel size in
the units. The lithofacies have been named “Facies” and the corresponding number (e.g., Facies
1). We use “unit” to describe a particular set of gravel based on the facies assigned to that unit.
Facies 1 consists of pebbles, Facies 2 pebbles with sand, Facies 3 cobbles, Facies 4 cobbles,
Facies 5 well-rounded boulders, Facies 6 sandy/muddy gravel, and Facies 7 massive marl (see
Figures 7, 9, 11, and 24).
East Measured Section 1 (EMS 1)
The first section, on the northeast side of the pit, consisted of eight distinctive lithologic
units. Unit 1A, at the base of section, is 40.6 cm thick, with well-cemented pebble gravel ranging
from 5 to 45 mm in diameter. The matrix consists of medium-grained sand. The pebbles are subangular and poorly sorted. The upper contact between Unit 1A and Unit 1B is gradual (Figure
6a). Unit 1A falls into Facies 1.
Unit 1B is 10 cm thick and matrix supported with pebbles ranging from 30 to 87 mm.
The matrix is medium-grained sand. The pebbles are sub-angular and poorly sorted. Unit 1B is
assigned to Facies 4. The contact between Unit 1B and Unit 1C is gradational (Figure 6b).
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Unit 1C is 15 cm thick with gravel sizes from 20 to 65 mm, matrix-supported, and
poorly cemented. The pebbles are poorly sorted, subrounded-to-rounded with some elongated.
The matrix is medium-grained sand. Unit 1C consists of Facies 4. Unit 1C grades up to Unit 1D
(Figure 6c).
Unit 1D is 30 cm thick with gravel sizes ranging 5-138 mm. Gravels are poorly sorted,
sub-rounded, and elongated. Unit 1D contains pebbles and cobbles with a majority of the latter.
A graduational contact appears between 1D and 1E (Figure 6d). Unit 1D is composed of Facies
5.
Unit 1E is a small interval assigned to Facies 4 about 12 cm thick with pebbles ranging
from 5 to 20 mm. The unit is matrix-supported with the matrix consisting of coarse to very
coarse grains (Figure 6e).
Unit 1F is 20 cm thick and contains gravel sizes ranging from 20 to 170 mm (Figure 6f).
The gravels are poorly sorted, matrix-supported and sub-rounded. Matrix is composed of
medium to very coarse sand. The unit is composed of the Facies 5 and grades into Unit 1G.
Unit 1G is 15 cm thick with gravel sizes from 5 to 20 mm (Figure 6f). The unit is matrixsupported with medium to very coarse sand. The gravel is sub-rounded to sub-angular and is
poorly sorted. Unit 1G is composed of Facies 6.
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Figure 6. EMS 1 looking to the northeast shows units 1A-1G. (a) Units 1A is composed of Facies 1 and (b) 1B consists of Facies
2 respectively. (c) Units 1C and (d) 1D are composed of Facies 4 and 5. (e) Unit 1E is composed of Facies 5, (f) Unit 1F is
composed of Facies 5, and Unit 1G is composed of Facies 6. See Figure 5 for location of measured section.
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EMS 1 Stratigraphic Column

Figure 7. Stratigraphic column for EMS 1. Gravels range from pebbles to cobbles. Key showing lithology of units and facies
associations.
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East Measured Section 2 (EMS 2)
Unit 2A is 45 cm thick with gravel sizes ranging from 5 to 40 mm (Figure 8a). The gravel
is angular, poorly sorted, and poorly cemented. Between the gravels is medium-grained sediment
matrix. A sharp contact appears between 2A and 2B. Unit 2A is composed of Facies 1.
Unit 2B is 30 cm thick with gravels ranging 20 to 100 mm (Figure 8b). The gravel size is
rounded to sub-angular, poorly cemented, well-sorted, and clast-supported. Medium-grained
sand accounts for less than 30% of the matrix. Unit 2B is composed of Facies 5.
Unit 2C is 8 cm thick gravels range in size 5-20 mm (Figure 8c). The gravels are subangular to sub-rounded, moderately sorted, poorly cemented, with medium-grained matrix. Unit
2C is composed of Facies 6 with a gradational contact with Unit 2D.
Unit 2D is 30 cm thick with gravels ranging from 3 to 120 mm and assigned to Facies 2
(Figure 8d). Gravels are sub-rounded and poorly sorted, poorly cemented and clast-supported.
The contact between 2D and 2E is gradational.
Unit 2E is 25 cm thick with gravels ranging 10-64 mm (Figure 8e). Gravel is subrounded, elongated, poorly cemented, moderately sorted and clast-supported. This unit is
composed of Facies 4 and with a gradational contact to Unit 2F.
Unit 2F is 4 cm thick with gravel size ranging from 5 to 65 cm (Figure 8f). Gravels are
sub-angular to rounded, poorly sorted, poorly cemented, and matrix-supported. This unit is
composed of Facies 6.
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Figure 8. The base of EMS 2. (a) Unit 2A is composed of Facies 1 and (b) Unit 2B is composed of Facies 5.(c) Unit 2C is
composed of Facies 6 and (d) Unit 2D is composed of Facies 2. (e) Units 2E is composed of Facies 4 and (f) 2F is composed of
Facies 6. The decrease in gravel size upward and finer grains of sand deposited indicate a rise in lake level. See Figure 5 for
location.
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EMS 2 Stratigraphic Column

Figure 9. EMS 2 stratigraphic column.
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East Measured Section 3 (EMS 3)
Unit 3A is 35 cm thick with gravels ranging 10 – 90 mm in size (Figure 10a). The gravels
are rounded to sub-rounded, poorly cemented, moderately sorted, and clast-supported. Unit 3A is
composed of Facies 3 and has a gradational contact with 3B. Part of the contact between 3A and
3B is inferred due to loose sediment cover (Figure 10a).
Unit 3B is 25 cm thick with gravel sizes ranging from 5 to 30 mm (Figure 10b). The
gravels are sub-angular to rounded, poorly sorted, poorly cemented, and clast-supported. This
unit is composed of Facies 5 and has a gradational contact with 3C.
Unit 3C is 25 cm thick and matrix-supported with medium-grained sand (Figure 10c).
The size of the gravels ranges from 5 to 30 mm. The grains are sub-angular-sub rounded, poorly
sorted, and poorly cemented. Unit 3C has a gradational contact with 3D and is assigned to Facies
6.
Unit 3D is 35 cm thick with gravel sizes ranging 5-50 mm and matrix-supported with
medium-grained sand (Figure 10d). The gravels are sub-angular to sub-rounded in shape,
moderately sorted, and poorly cemented. Like Unit 3C, 3D is composed of Facies 6.
Unit 3E is 20 cm thick with the size of gravels 5-40 mm and is matrix-supported with
medium grain sand (Figure 10e). The unit is poorly cemented, and subrounded to subangular,
and composed of Facies 4.
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Figure 10. EMS 3 looking to the southeast with (a) Unit 3A at the base of the measured section. The transition between units 3A
and (b) 3B was based on the observation that there were more cobbles in Unit B to make it a composed of Facies 5. (c) Unit 3C
and (d) 3D have an increase in sand matrix and smaller gravels than 3B and 3A indicating a lake level rise. Unit 3E consists of
larger gravel and less matrix than to Units 3C and 3D indicating a regresssion of lake level. See Figure 5 for location.
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EMS 3 Stratigraphic Column

Figure 8. Stratigraphic
hi columns
l
ffor EMS 33.
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South Measured Section (SMS)
Unit 4A is 60 cm thick with gravels ranging 7-85 mm in size (Figure 12). Gravels are
moderately sorted, subrounded to rounded, and poorly cemented. The matrix contains medium
grains. This unit has a gradational contact with 4B and is composed of Facies 5.
Unit 4B is 25 cm thick with gravels ranging in size from 5 to 40 mm (Figure 13a). The
shape of the gravels is angular to sub-angular, moderately sorted, and poorly cemented. The
matrix consists of medium sand grains with a sharp upper contact between 4B and 4C. The unit
is composed of Facies 1.
Unit 4C is 45 cm thick with gravels ranging 10-60 mm in size (Figure 13b). The gravels
are sub-rounded to rounded, well sorted, poorly cemented, and fine upwards to a sharp contact
with Unit 4D. This unit is composed of Facies 3.
Unit 4D is 25 cm thick marl with thin laminae containing clusters of Pyrgulopsis shells
ranging from 2 to 9 mm in size (Figure 13c). Some shells are preserved whole, but most are
broken. Lenses of clasts appear between 5 and 10 mm in the marl unit toward the base. Unit 4D
is composed of Facies 7.
Unit 4E is a 35-cm thick grey to white marl bed with sparse pyrgulopsis shells, assigned
to Facies 7 (Figure 13d). The marl has vertical cracks that are spaced about 4 cm apart.
Unit 4F is 63 cm thick with gray-to-white thin marl laminae (Figure 13e). Weathering has
caused cracks to form spaced about 3-15 cm.
Unit 4G is 50 cm thick and is located at the top of the marl layer (Figure 13f).
Pyrgulopsis shells are abundant at the top of this unit. Most of the shells are fragmented.
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Unit 4H is 95 cm thick with larger gravels ranging 50-70 mm and smaller gravels ranging
5-50 mm in size (Figure 13g). Unit 4H is composed of Facies 3 and 5. The larger gravels are
sub-rounded to rounded and well sorted. The smaller gravels are sub-angular to sub-rounded.
Some of the gravels have a significant dip, of 26°. These are truncated above by coarser gravels
with grains sizes of 20-140 mm.
Unit 4I is 60 cm thick with gravels ranging 40-60 mm near the bottom of the unit and 540 mm near the top (Figure 13h). The gravels are moderately sorted. The gravels fine upwards
and are sparse toward the top. The unit is gravel-supported toward the bottom and transitions to
matrix-supported at the top. This unit is composed of Facies 4 and 6.

Figure 10. The base of SMS with Unit 4A looking to the south. See Figure 5 for location.
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Figure 11. SMS: Units 4B-4I looking to the south. (a) Smaller gravels with fine-grained matrix at the base of the section in Unit
4B while (b) 4C has boulders that contain very little matrix. (c) Planar marl in 4D with lenses of pebbles. (d) 4E contanes
gastropod shells. The shells are mostly broken up with a few intact in the marl. (e) 4f contains massive to planar marl. (f) The top
of the marl unit with what is interpreted as a scour surface from the top of Unit 4G. The entire marl unit has an abundance of
gastropod shells, both broken and whole. (g) Top of SMS. Note the top of 4H with gravels dipping 26° to the northwest and
truncated by boulders to the northwest. (h) Unit 4I is marked by a flooding surface above the boulders with pebbles abundant at
the base of the unit.
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SMS Lower and Upper Half of Stratigraphic Column SMS

Figure 12. (a) Stratigraphic column and key for the lower and upper half of SMS. Note 4D-4G is a massive marl unit interrupted
by thin laminae. Throughout the unit are broken and whole gastropod shells. (b)Upper half of the stratigraphic column for SMS.
4H represents the dipping cobbles at an angle of 26 degrees to the northwest. These are truncated by Facies 3. A flooding surface
is noted at the base of 4I.
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Ground-Penetrating Radar (GPR)
Three pseudo-3D ground-penetrating radar (GPR) volumes and 35 2D profiles were
collected in the gravel pit (Figure. 5). Because the pit was mostly flat, no topographic corrections
were required. One topographically corrected profile was collected perpendicular to the axis of
the spit along the highway immediately north of the pit and one was collected along the
southwestern rim of the pit where the original topography of the spit is preserved (Figure 5). To
describe more effectively the richness of the stratigraphy, six radar facies have been recognized
from the data and labeled RF for Radar Facies. (Table 1).
Radar Facies 1
RF-1 (Table 1) is composed of dim reflections near the lower limit of the coherent GPR
sections, typically 1.5 m below the ground surface (Figure 18b). These reflections have low
amplitude and poor lateral coherency across the volumes and profiles (Table1). The observation
of dipping reflections fading downward to this limit suggests that the loss of reflectivity is due to
absorption and geometrical spreading rather than a cessation of impedance contrasts (Figure
18b).
Radar Facies 2
RF-2 (Table 1) consists of low-angle reflectors (apparent dip 2°-8°) with an apparent
length of 2–5 m (Figure 18b). These reflectors dip northwest and are high amplitude and
continuous compared to those in RF-1. In Volume 3 (Figure 19d), the upper part of the radar
package is comprised of parallel reflectors, which become semi-parallel near the base of the
package. RF-2 is interpreted in both Volume 3 (Figure 19d) and the 200-MHz profile (Profile
35), which is located along the rear of the gravel pit and south of the SMS (Figure 17). In
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Volume 3, horizon 3-1 (Figures 15e and 19d) marks the top of this radar package. The length of
horizon 3-1 is about 12.2 m and dips (apparent) 13° northeast.
Radar Facies 3
RF-3 (Table 1) contains reflectors that dip back into the spit in the southeast direction.
These reflectors are sigmoidal with a moderate amplitude and an apparent dip of 7°-12°. The
apparent length of the reflections is about 2 m (Figure 18b).
Radar Facies 4
RF-4 (Table 1) is composed of sigmoidal and parallel reflectors that dip to the northwest.
These reflectors downlap onto RF-2 (Figure 18b and 19d) and lap onto the RF-3, RF-5, and Rf-6
packages at about a depth of 0.5 m below the surface (Figure 18b, 19c, 18d, and 20b). The
reflectors have an average apparent dip of 10° and are just over one meter long. They can be
traced as deep as about 2.5 m (Figure 18b). The reflectors from the profile in the exposed
outcrop to the south of the pit are about 6-7 meters in length (Figure 17b)
Radar Facies 5
RF-5 (Table 1) only appears on the western side of Volume 1 and is dominated by a
single a discontinuous bright reflector, one to two meters in length (Figure 18b). Other parts of
this facies show little or no coherency.
Radar Facies 6
Sub-parallel high-amplitude reflections in RF-6 originate from the manmade fill of the
gravel pit associated with excavation and subsequent deposition of asphalt (see black oblong
shape in center left of base map in image in Figure 18). This facies has a maximum thickness of
about 1 m (Figures 18b, 19c, 19d, and 20b) and (Table1).
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Table 1. Table showing radar facies examples from Volume 1, the interpretations, descriptions, and the environment of
deposition. Radar Facies are listed from deepest to shallowest. (Modified from Shan et al., 2015).

Both the 3D volumes and 2D profiles reveal a complex pattern of reflectivity (18b, 19c,
19d, and 20b) with a strong reflector grain gently dipping northwest except for Volume 2, on
which reflectors dip perpendicular to this grain (Figure 19). The signal penetration for the
volumes ranges from 3.5 m for the 400-MHz 3D surveys (Figures 18-21) and 7 m for the 200MHz 2D surveys (Figures 17 and 22). Individual radar facies range in thickness from about 1
meter (RF-6, Figures 18b, 19c, 19d, and 20b) to as much as 4 meters (RF-4, Figure 17b). All the
radar facies extend across Volume 1 with a general dip of 8° (Figure 18b). Volume 1 appears to
be the more complex of the two volumes due to overlapping and truncated radar packages
(Figure 18b). In volume 2, only radar facies RF-1, RF-4, and RF-6 appear throughout the entire
volume. The dominant radar package is RF-4 with a 9° northeast dip (Figure 20b). Volume 3
includes radar packages RF-1, RF-2, RF-4, and RF-6. Figure 19d represents the reflectivity of
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the volume except for south end where RF-2 tapers off and the dip direction for RF-4 switches to
northeast (Figure 19c). Angular unconformities can be observed in the data as well and are
interpreted as horizons in Figures 18b and 19d.
Horizons
Five separate high-amplitude and coherent reflection horizons are mapped from the radar
volumes. All horizons dip generally northwest except for the horizon in 3D Volume 2, which
dips generally northeast (Figure 15d). Three of the five horizons are mapped in 3D Volume 1
(Figures 15a-c).
Horizon 1-1 (HZN 1-1), dips 8° northwest over the depth range 0.4-1.8 m (Figure 15a).
HZN 1-1 trends from the southeast corner of the volume to the east side and covers the largest
area of the five horizons mapped (Figure 15f). A depression that appears near the center of HZN
1-1. It is interpreted to have been a slump from a storm. Stratigraphically above HZN 1-1 is HZN
1-2 (Figure 15b), which dips 7° northwest over the depth range 1.0-2.5 m and trends from the
southwest corner of the volume, across the middle of the volume, up to the northeast corner
(Figure 15f). Above HZN 1-2 is HZN 1-3 (Figure 15c), which dips 9° northwest over the depth
range 0.7-2.3 m and covers just the northwest half of the volume (Figure 15f). The horizons in
Volume 1 include sigmoidal shapes. HZN 1-1 has a gradual dip near the upper part of the
horizon at 0.4 m compared to the middle depth between 0.9 and 1.4 m below the surface, which
has a greater fall over a shorter distance (Figure 15a). When compared to HZN 1-2 and HZN 1-3
(Figures 15b-c), the fall is much more gradual evenly across both horizons (Figures 15a,
15b,15c, and 15f).
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In Volume 2, the top of HZN 2-1 begins in the middle of the volume at 0.4 m below the
surface and dips northeast 9° down to 2.4 m (Figures 15d and 15f). This horizon is more planar
than those in Volume 1. The slope of the horizon is more consistent compared to the horizons in
Volume 1.
In the middle of Volume 3, HZN 3-1 dips 4° northwest (Figure 15f) from 0.1 m depth
down to 1.3 m below the surface (Figure 15e). The dip is much shallower relative to the horizons
in Volumes 1 and 2. HZN 3-1 is like HZN 2-1 where the horizons are planar.
The horizons likely extend well past the survey boundaries (e.g., Figure 15f). The blank
spots and the irregular edges in the horizon maps are where reflection signal is too weak for a
horizon to be reliably traced throughout the rest of the volume (Figure 15f).
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a

Figure 13. The five horizons are mapped from the three GPR Note how most of the horizons (a, b, c, e) dip to the northwest
except for HZN 2-1(d) which dips to the northeast. The color bar represents depth with red being the shallowest point and blue
being the deepest point of the relative horizon. (f) All of the horizon’s locations with respect to each other mapped across the pit
floor.
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DISCUSSION
Sedimentology
We have described and interpreted seven lithofacies from the measured sections (Figures
11, 15, 18, 25). Lithofacies will be referred to as Facies # (see key in Figures 7 and 14).
The assignment of depositional environments to the lithofacies was based on wave
energy in relation to the transportation to gravel size. Facies 1 (pebbles) and 2 (cobbles) are
interpreted to be deposited from the surf zone (Figure 16) where there was lower wave energy
compared to the breaker zone (Figure16). Facies 3 (boulders) was deposited at the lower wave
breaker zone where there was an increase of wave energy (Figure 16). Facies 4 (pebbles with
sand) was deposited on the upper surf zone and the upper wave asymmetric zone (Figure 16).
Facies 5 (cobbles with sand) is deposited at a deeper part of the lake at the wave breaker zone
(Figure 16). Facies 6 (sandy gravel) is deposited from a lower asymmetric zone with lower wave
energy (Peng et al., 2020) (Figure 27). Facies 7 (marl) is deposited below wave base of the lake
(Figure 16). The relation of the multiple facies to one another is interpreted to represent an
overall transgression and retrogradation of the shoreline due to finer grained facies overlying the
larger gravels (Figures 7, 9, 11, and 14).
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Figure 14. Depositional model of waves zones and the associated facies from the study. (Modified from Peng et al., 2020). See
also Table 1.

To provide a broader window into the depositional history, the South Measured Section
(SMS) is used to document a more complete interval of deposition. The SMS is the thickest of
the measured sections and contains all the lithofacies (Figures 12-14). At the base of the SMS
(Figure 12), the gravels in unit 4A from Facies 5 indicate that the lake was at a lower level as
evinced by a greater portion of cobbles with a sand matrix compared to Unit 4B above (Figure
12 and 14). Facies 1 signifies another regression of the lake based on the presence of pebbles
(Figures 13a and 14). Facies 3 has a clear unit boundary at the base of unit 4C and the top of unit
4B (Figure 13b), which we interpret as respectively showing an increase in wave energy from a
regression from the surf zone to the wave breaker zone (Figure 16). A transgression is interpreted
from the appearance of Facies 7 (marl) (Figures 13b and 14). The lake maintained this deep level
for a sustained period during the overall transgressive phase of the lake based on the thickness of
the marl (Figure13c-f), which is locally about 173 cm thick (Figure 14). Above the marl,
prograding gravels dip northwest. These dipping gravels repeat Facies 5, which is here 20-30 cm
thick dipping 26° northwest (Figure 13g).
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The dip of these gravels suggests rapid progradation from a drop in lake level. A flooding
surface is interpreted from the sharp contact at the base of Unit 4I and the top of Unit 4H with
Facies 4: pebbles with sand transitioning into Facies 6: sandy gravel (Figures 13h and 13g).
GPR Facies and Horizons
GPR has been previously applied to Lake Bonneville studies to further understand the
sedimentary architecture of deposits (Smith and Jol, 1992; Kruse and Jol, 2003; Smith, 2018;
Schide et al., 2018; Smith et al., 2019). 3D GPR has been used in only one previous study (Smith
et al., 2019). Smith et al. (2019) discussed the application of 3D GPR to image clinoforms in a
Lake Bonneville shoreline deposit preserved along the western margin of Pilot Valley, located
about 46 km south-southwest of our study site. Our study has pursued a similar approach, using a
combination of 2D and 3D volumes along with geologic outcrop information.
Most of the GPR facies show similar dip magnitudes and a northwest dip direction,
similar to strata exposed in the pit (Figure 13g). In order to correlate the surface to subsurface
data, the 2D profile on top of the pit was used to calibrate the lithofacies in the exposed strata on
the south side of the pit to subsurface radar facies (Figure 17).
The dipping reflectors from RF 4 in the GPR image from along the top of the southwest
margin of the pit is interpreted to correlate to Facies 5 based on the high angle of reflectors. The
dipping reflectors correlate to coarser gravels. These gravels are interpreted to show evidence of
rapid deposition (Figure 17b). The bright reflectors extend for 4 to 10 m (in this image).
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Figure 17. View of the highway 200-MHz GPR profile looking to the north. Note how prograding packages step down to
southwest indicating a lake level drop. The higher-angle clinoforms (16°-22°) suggest coarse grain deposits originating from
high-energy wave action. The lower angle clinoforms (<8°) suggest lower energy deposition and a rise in lake level.

Using multiple 2D and 3D surveys at different orientations has helped us unravel the
complex stratal geometries in the subsurface (Figures 18,19, and 20). For example, RF-2 is wellexpressed in Volume 1 as a package of low-angle reflections that dip 2°-8º northwest, toward the
depocenter of the lake (Figure 18b). On top of RF-2 is RF-4, which has higher-angle clinoforms
dipping about 8°-12° (Figure 18b). The transition from low-to-high-angle clinoforms could
indicate a change of a slower to a faster rate of regression, respectively. RF-3 has concave
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upward reflections that look like a scour surface that has been filled-in with sediment at the time
of lake regression (Figure 18b). Parts of RF-5 and RF-4 are separated by HZN 1-2 (Figure 18b).
The reflections in RF-5 have very little lateral continuity and no significant structure such as
complete bed sets (Figure 18b). The chopped-up character of reflections in this package is likely
affected by anthropogenic excavation. The strength of the amplitude and continuation of the
undulating reflections from RF-6 suggest periodic in-filling, unloading of gravel and asphalt, and
compaction from gravel trucks (Figure 18B).
RF-2 and RF- 4 packages, which are bounded by bright reflectors (Figure 18b), most
likely indicate lake level fluctuations. These patterns are consistent with what is seen in the
surface exposure from SMS (Figures 12, 13, and 17b), where the lower units dip at a shallower
angle (Figures 12, 13a-13f) relative to the prograding gravels overlying the marl unit (Figure
13g)
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Figure 18. Line 23 extracted from Volume 1. (a) The top image shows the uninterpreted profile and (b) the middle image shows
the interpreted radar facies, dip angles, and lengths of reflections mapped from the profile. Facies are given a descriptive color.
Bottom right, Map showing location of Survey 1 and Line 23 (red line).

In Volume 3, RF-2 and RF-4 dip north by northwest (Figure 19d) as opposed to RF-2 and
RF-4 in Volume 1, which dip northwest (Figure 18b). The increased angle of the clinoforms
(Figure 19d) in RF-4 on top of RF-2 is interpreted to indicate rapid progradation from a drop in
lake level. Looking at HZN 1-1 and HZN 3-1, as mapped from all the volumes (Figure 21), we
see that these surfaces can be correlated across the study area (see yellow dashed lines in Figure
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21). The shallowing of the dip from HZN 1-1 to HZN 3-1 suggests a paleo-shoreline at the toe of
a spit where the shoreline curves from dipping to the northwest to north (Figure 25d and stage d
in Figure 25e).
As stated earlier, the reflections in RF-4 in Volume 3 dip northwest on most of the
volume (Figure 19d): however, in the southeast portion of the volume, the reflections dip in the
opposite direction (Figure 19c). The northwest corner of Volume 2 intersects just enough with
the southwest corner of Volume 3 (see black dashed boxes for Survey 2 and 3 in Figure 5) to
allow correlation of the reflections between the two volumes. The dipping reflections to the
northeast (Figure 19c) transition from a northeast to a northwest dip direction (Figure 19d). We
suggest that this change in direction is similar to the change of direction of the paleo-shoreline
noted earlier (Figures 21, 25d, and 25e). This is attributed to a change in wave direction:
perpendicular from a northwest direction to a northeast direction. In Volume 3, the vertical
stacking pattern of the radar facies indicates a transition from deep water to the surf zone based
on RF-4 overlying RF-2 and RF-1 (Figure 16)
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Figure 19. The profile images are extracted from 3D Survey 3 looking to the northwest. The images on the top are the
uninterpreted (a) File 2 and (b) File 73. (c) Interpreted profile 2 and (d) 7. Line 2 is on the south end of 3D Survey 3 and line 73
is at the north end of the survey. RF-1, RF-4, and RF-6 are observed in (c) line 2. Line 73 has the same radar facies but with the
addition of RF-2 (d). Note that the clinoforms in RF-4 dip in opposite directions on the north and south ends of the survey. This is
interpreted to represent the changing depositional direction and the rounding of a paleo-shoreline.
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Unlike Volume 1 and 3 with their reflectors dipping to the northwest, Volume 2 has
reflectors that dip mostly perpendicular (i.e., dip northeast and southwest) to the reflectors in the
other volumes (i.e., dip northwest and southeast (Figure 20b). Volume 2 provides a unique look
at a deeper (older) part of the deposit. We suggest that the opposing reflection packages could
represent opposite flanks off the axis of an older deposit such as a spit much earlier in the
transgressive phase of the lake (Figure 20b, and white dashed lines under HZN 2-1 in Figure 21).

Figure 20. Line 2 from Volume 2 looking to the north showing the extent and direction of the reflections. The reflections in RF-4
are dipping to the northeast and southwest which is perpendicular to those in RF-4 in Volumes 1 and 2. Below is the map with a
red line representing Line 2.
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Figure 15. View looking east of all the horizons and probes from the pit floor. HZN 1-1 and HZN 3-1 are correlated (yellow
dashed lines) to be the same surface and the changing of direction is due to rounding of a paleo-shoreline.

The use of multiple radar antennas with different center frequencies provides pros and
cons for each. In this study, the 400-MHz surveys furnish a higher vertical resolution of 6 cm,
assuming a dielectric constant of 7.9. Individual stratal surfaces can be viewed at this resolution,
but with a shallower depth penetration of 3.5 m below the ground surface (Figures 18-20).
Profiles collected with the 200-MHz can image deeper than the 400-MHz frequency to a depth
below the surface of as much as 7 m but is limited to a vertical resolution of 13 cm (Figure 17,
22-24).
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Figure 22. Fence diagram and map of selected 200-MHz radar profiles across the pit floor. The profiles show the extent of the
reflections and horizons that have been mapped past the boundaries of the volumes. For scale, Line 18 is 87 m long, Line 6 is 76
m long, and the depth is 7 m below the surface.

GPR and Large-Scale analogs
Our GPR images provide an ultra-high-resolution view of a shoreline lake deposit
(Figures 17-20, Table 1). Interpretation of large-scale systems, based on conventional seismic
reflection data, can benefit from reconstructions based on ultra-high-resolution radar stratigraphy
(e.g., Smith et al., 2019). Seismic stratigraphy concepts are helpful for understanding
depositional patterns expressed on our GPR data (Vail, 1987). The GPR profiles and volumes
invite a scaled-down application of seismic stratigraphic interpretations such as the description of
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clinoforms (Figures17-20, and 23). For this study, dipping reflectors are termed clinoforms with
respect to their expression on the radar data and not necessarily as a reference to a specific
depositional origin (e.g., Patruno et al., 2015).
We observe classic seismic stratigraphic features, including downlap, toplap, and onlap
of the clinoforms in the radar data (Figure 23 and 24). The transition from high-to-low-angle
clinoforms suggests a prograding shoreline caused by an increased sedimentation rate as the lake
receded. The individual clinoforms show a down-lapping pattern in the surface exposure (RF 4
and 2, Figure 20 and 23) and the subsurface (Figures 17-20, and 24). Analogous down-lapping
patterns are described by Patruno et al. (2015) and interpreted to represent an overall increase in
sedimentation rate. In their study of a subaqueous delta in Jurassic Sognefjord Formation in
offshore Norway, clinoforms dipping 1°-6° indicate finer-grained deposits lower on the shelf in
deeper water where wave is low as opposed to the coarser-grained units represented by
clinoforms that dip up to 16°, which are deposited higher up the shelf in shallower waters where
the wave energy is greater. We observe a similar pattern. In the exposed portion of the spit, we
see that unit 4H dips 26° northwest (Figure 13g). Unit 4D-4G (Figure 13c-f) has a shallower dip
of 13° northwest. From these observations, coarser deposits can be associated with a greater
reflector dip. RF-4, which includes reflectors with a relatively steep dip of up to 13° northwest
(Figure 17b), can be interpreted as a coarser gravel unit. RF-2 contains clinoforms that dip up to
8° northwest (Figure 17b). This shallower angle compared to RF-4 may suggest a finer-grained
unit.
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Figure 163. Topographic profile from the top of the exposed southern side of the gravel pit. The profile was collected with the
200-MHz antenna. Reflections exhibit onlap, toplap, and downlap. The steeper angles in RF-4 indicate rapid deposition with
coarser gravel facies.

The GPR profile along the highway shows a continual progradation caused by a
regression of the lake (Figure 24). As shown by the segments highlighted in Figure 24, the dip of
the clinoforms transitions from steep to shallow (from east to west). A decrease in sedimentation
rate from east to west on the margin of the deposit is the likely cause of this pattern.

Figure 184 View of the highway 200-MHz GPR profile looking to the north. Note how prograding packages step down to the
southwest indicating a lake level drop. The higher-angle clinoforms (16°-22°) suggest coarse grain deposits from high-energy
wave action. The lower angle clinoforms (<8°) indicate lower energy deposition and a rise in lake level.

The complexity of the deposit is due to the shifting of sediment deposition over time and
due to being on the margin of the lake with fluctuating lake levels. Lake Bonneville deposits
mapped toward the basin center tend to be more homogeneous with the lack of periodic sediment
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input. In this case, where the deposit is located near the edge of the lake, the fluctuations and
alternating coarse to fine grained sediment presents a more complex deposit. When deposits in a
shoreline environment are analyzed for petroleum reservoir potential, the complexity of the
different facies can impact the flow of fluids (Buynevich et al., 2009). The fine-scale GPR
imaging of sedimentary packages reveals the complexity of what could be expected in the
subsurface at greater depths and scaled up for resource exploration and extraction.
Interpretation of the Deposit
Many of the Lake Bonneville spits are oriented in a north-to-south direction
(Jewell, 2007). These spits are in the southern portion of the Bonneville Basin (Figure1) (Jewell,
2007; Schofield, 2004). Our deposit is in the northwestern part of the basin (Figure 1). Jewell
(2007) listed the criteria for identifying a Lake Bonneville spit: (1) the deposit has the elongated
topographic shape of a spit; (2) the deposit has coarse, well-rounded sediment; (3) no bedrock
outcrops are observed on the surface of the deposit. From satellite imagery and field
observations, our deposit has the characteristics of the spit being elongated in shape with gravels
that are sub-rounded to well-rounded with no bedrock on the surface.
Our initial interpretation of the deposit is a spit or gravel bar that formed from longshore
drift generated by winds from the south (Figure 25b). The sediment was likely transported only a
short distance, based on the coarse size and poor rounding of the gravels. The age of the deposit
can be inferred from a Pyrgulopsis gastropod shell from the a marl unit recorded by Oviatt
(2015, QSR 110). The shell is radiocarbon dated at a calibrated age of 20,160 ka cal., which
corresponds to the initial transgression of the lake (Figure 3) (C.G. Oviatt, personal
communication, 2019). Following the transgression, the falling of the lake level is believed to be
the cause of the prograding gravel deposits overlying the marl followed by a small rise in the
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lake level resulting in the deposition of the finer grained units containing pebbles with sand and
sandy gravel.
Proposed Depositional Model for the Spit
The overall morphology of our site is like other spits in the Lake Bonneville Basin
(Gilbert, 1890; Jewell, 2007). As detailed above, the radar data suggest a complex depositional
history. The deposit appears to have initially formed a tombolo from the paleo-mainland on the
north shore (Figures 25a-c, 25e).
A tombolo is a coastal landform that initially forms when longshore drift transports
sediment and forms a spit from the mainland (Flinn, 1997). When that spit connects with an
island off the coast a tombolo is formed (Stratford, 1999; Felton et al., 2006).
From the satellite imagery, reconstructed shorelines that bound the spit on the west and
east side of the gravel bar appear to continue to the north toward the mainland (Figure 25e). This
suggests that the deposit was originally connected to the headlands to the north by a tombolo and
to Utahlite Hill to the south (Figure 25c, 25e) (Oviatt and Miller, 1997).
As the wind currents from the south reached Utahlite Hill (Figure 25a), the island acting
as a wind-break that caused the wind to diverge on the east and west side of the hill. The current
circled the island toward the north and caused the waves to hit the northern shoreline creating a
longshore drift. This caused a spit to be deposited to the south toward the island. Sediment was
also transported from the sides of the island, extending the spit northward (Figure 25b). The
continuation of sediment transport from longshore drift connected the two spits and formed a
tombolo (Figure 25c). As the lake level fell, the spit shifted west as waves collided with the
eastern side of the tombolo. We suggest this was due to the tombolo creating a bay or lagoon on
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the western side of the spit. This area was probably protected from the impact of waves. Less
wave energy propagated around the island on west side, which kept the spit from shifting to the
west (Figure 25d). A rise in lake level accommodated deposition of the marl.

Figure 195. Illustration of our interpreted phases for development of the spit in our study area: (a) initial setting of the north shore
and island (b) formation of a spit from the island and the north shore, (c) the transition of a spit to a tombolo, (d) and transition
back to a spit. (e) Aerial image of the study area with the stages of formation of the spit and tombolo with paleo-shorelines
mapped. The stages of the deposit are marked by the white letters in the aerial image.

CONCLUSIONS
Our study furnishes an in-depth 3D look into a shoreline deposit for ancient Lake
Bonneville. The study capitalizes on 2D GPR profiles and pseudo-3D GPR volumes in order to
better understand the depositional history. Sediment deposition was influenced by fluctuating
lake levels, as represented by several shallow and deep-water facies. A minor regression of the
lake allowed for coarser gravels to be deposited in shallow water. The high-angle clinoforms in
RF-4 indicate an increase in sedimentation rate from this regression. The radar facies with lowangle clinoforms were deposited during a transgressive period of the lake. This study showcases
correlation of ultra-high-resolution radar stratigraphy and measured stratigraphic sections to
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constrain the interpretation of a complex lacustrine deposit. High-resolution images allow for a
more complete understanding of the stratigraphy of the deposit. The correlation of the
sedimentary facies to radar facies, guided by seismic stratigraphy concepts, provides a good
example of high- and low-angle clinoforms and their relation to coarse- and fine-grained
deposition. Our results support the use of GPR to furnish an analog for understanding fine-scale
hydrocarbon reservoir compartmentalization. .
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